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EVALUATION OF GLUTATHIONE S-TRANSFERASE GSTM1 AND GSTT1
POLYMORPHISMS AND METHYLMERCURY METABOLISM IN AN EXPOSED
AMAZON POPULATION
Gustavo Rafael Mazzaron Barcelos1, Kátia Cristina de Marco1, Denise Grotto1, Juliana
Valentini1, Solange Cristina Garcia2, Gilberto Úbila Leite Braga1, Fernando Barbosa, Jr.1
1Department of Clinical, Toxicological and Bromatological Analyses, School of Phamaceutical
Sciences of Ribeirão Preto, University of São Paulo, Ribeirão Preto, SP, Brazil
2School of Pharmacy, Federal, University of Rio Grande do Sul, Porto Alegre, Rio Grande
do Sul, Brazil
Over the last decades, the presence of methylmercury (MeHg) in the Amazon region of
Brazil and its adverse human health effects have given rise to much concern. The bio-
transformation of MeHg occurs mainly through glutathione (GSH) in the bile mediated by
conjugation with glutathione S-transferases (GST). Epidemiological evidence has shown that
genetic polymorphisms may affect the metabolism of MeHg. The aim of this study was to eval-
uate the association between GST polymorphisms, GSH, and Hg levels in blood (B-Hg) and
in hair (H-Hg) of an Amazon population chronically exposed to the metal through fish con-
sumption. Blood and hair samples were collected from 144 volunteers (71 men, 73 women).
B-Hg and H-Hg levels were determined by inductively coupled plasma–mass spectrometry,
and GSH levels were evaluated by a spectrophotometric method. GSTM1 and T1 genotyping
evaluation were carried out by multiplex polymerase chain reaction (PCR). Mean levels of
B-Hg and H-Hg were 37.7 ± 24.5 µg/L and 10.4 ± 7.4 µg/g, respectively; GSH concentrations
ranged from 0.52 to 2.89 µM/ml of total blood. Distributions forGSTM1/T1,GSTM1/GSTT1∗0,
GSTM1∗0/T1, and GSTM1∗0/GSTT1∗0 genotypes were 35.4, 22.2, 25.0, and 17.4%, respec-
tively. GSTT1 genotype carriers presented lower levels of B-Hg and H-Hg when compared to
other genotypes carriers. In addition, GSTM1∗0/GSTT1∗0 individuals presented higher Hg lev-
els in blood and hair than subjects presenting any other genotypes. There appeared to be no
evidence of an effect of polymorphisms on GSH levels. Therefore, our data suggest that GST
polymorphisms may be associated with MeHg detoxification.
Mercury (Hg) is one of the most haz-
ardous metals in the environment, and metal-
mediated toxicity involves oxidative damage
to macromolecules (Beyersmann and Hartwig
2008; Chuu et al. 2008; Mori et al. 2007).
Several experimental and epidemiological stud-
ies demonstrated that exposure to Hg in its
organic form, methylmercury (MeHg), which is
found in fish and other seafood, is associated
with neurotoxic effects (Counter et al. 2002;
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e Tecnológico (CNPq), and Coordenação de Aperfeiçoamento de Pessoal de Ensino Superior (CAPES/DS) for financial support.
Address correspondence to Fernando Barbosa, Jr., Departament of Clinical, Toxicological and Bromatological Analyses, School of
Pharmaceutical Sciences of Ribeirão Preto, University of São Paulo, Av. do Café s/n◦; CEP 14040-903, Ribeirão Preto, São Paulo, Brazil.
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Dolbec et al. 2000), damage to the immune
and renal system (Moszczynski et al. 1998;
Rutowski et al. 1998), infertility (Boujbiha et al.
2009), cardiovascular diseases (Virtanen et al.
2007), and cancer (IARC 1993).
Fish is considered a healthy food because
it is rich in proteins, poor in saturated fats,
and protects against coronary diseases (Millen
and Quatromoni 2001; Whelton et al. 2004).
Populations that traditionally consume large
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amounts of fish generally present low rates of
mortality from heart disease (Dewailly et al.
2001; 2002). On the other hand, fish consump-
tion is also an important source of human expo-
sure to a variety of bioaccumulative xenobiotics
such as MeHg (Burger et al. 2003; Clarkson
2002; Johnsson et al. 2005), which may coun-
teract the beneficial effects of fish consumption
(Chan and Egeland 2004; Grotto et al. 2011;
Stern 2005).
In the Amazon region, MeHg exposure
through fish consumption has been the focus
of much concern over the last two decades.
In many parts of the Amazon region, a large
number of exposure assessments of fish-eating
populations have been conducted using blood
and/or hair as biomarkers to evaluate com-
munities environmentally exposed to the metal
through the diet (Dórea et al. 2005; Gonçalves
and Gonçalves, 2004; Lebel et al. 1997; Passos
et al. 2003; Pinheiro et al. 2000). These findings
have consistently shown elevated blood and/or
hair Hg concentrations correlated to fish con-
sumption. Moreover, dose-related deficits in
neurobehavioral and neurophysiological func-
tions have been found in both children and
adults (Cordier et al. 2002; Dolbec et al. 2000;
Grandjean et al. 1999; Lebel et al. 1996),
and there is also evidence of cardiotoxicity
associated with Hg exposure in some Amazon
communities (Fillion et al. 2006).
Methylmercury elimination in humans is
related to the glutathione (GSH) detoxifi-
cation system in bile, mediated by conju-
gation with glutathione S-transferases (GST),
which produces a stable GSH–metal conju-
gate in hepatic tissue and then, eliminated
mainly via feces (Ballatori and Clarkson 1985).
Several GSH-related enzymes are highly poly-
morphic, and epidemiological studies demon-
strated that these polymorphisms may affect
the metabolism of Hg (Goyer and Clarkson
2001; Gundacker et al. 2010). Moreover, other
studies were carried out concerning the rela-
tionship between other polymorphisms and
adverse health effects induced by Hg exposure
(de Marco et al. 2011; Echeverria et al. 2010;
Heyer et al. 2009). The GST genes, especially
GSTM1 (mu) and T1 (theta), are important since
they present a deletion that results in impaired
catalytic activity associated with greater sen-
sitivity to toxic compounds. The homozygous
deletion GSTM1 (M1∗0) and GSTT1 (T1∗0)
genotypes are generally associated with a high
risk of cancer and development of other dis-
eases (Ginsberg et al. 2009; Gundacker et al.
2007; 2010). However, there are few data with
respect to the influence of GST polymorphisms
on Hg detoxification in humans.
Since Hg elimination is related to GSH con-
jugation, the aims of the present study were
to (1) determine the genotype frequency of
the GSTM1 and GSTT1 polymorphisms and
(2) examine the influence of GSTM1∗0 and
GSTT1∗0 polymorphisms on blood-Hg (B-Hg),
hair-Hg (H-Hg) and GSH levels of a group of
riparian individuals exposed to MeHg via con-
sumption of contaminated fish from the Tapajós
River in the Amazon region of Brazil.
MATERIALS AND METHODS
Study Design and Population
One hundred forty-four subjects (71 men
and 73 women) living in the Tapajós River
valley (Brazilian Amazon, State of Pará), aged
15 to 83 yr, were studied. The MeHg expo-
sure in this region is through contaminated
fish intake (Passos et al. 2008). All sub-
jects participated in the study on a voluntary
basis. Villagers’ data were collected using two
interviewer-administered questionnaires. One
collected sociodemographic information (gen-
der; age; village of residence; place of birth;
length of time in the region; educational level;
subsistence activities; work in gold mining and
exposure to Hg through burning amalgam;
exposure to other contaminants; frequency and
quantity of smoking, drinking, and drug habits;
medical history; and medication). The second
was a 7-day recall food consumption frequency
questionnaire. For fish consumption, a list was
prepared that included most of the fish species
present in the region. For each day, participants
indicated the number of meals containing fish
as well as fish species that were consumed.
Anthropometric measurements (weight, height,
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and waist circumference) were also taken by a
trained technician. Approval was obtained from
the Ethics Committee of the University of São
Paulo at Ribeirão Preto (Brazil), protocol num-
ber CEP/FCFRP-71. The study was explained
individually to individuals who agreed to par-
ticipate, who then signed an informed consent
form.
Samples From Blood and Hair and
Hg Analyses
Blood samples were collected in trace
metal-free evacuated tubes (BD Vacutainer, BD
Vacutainer, Franklin Lakes, NJ) containing hep-
arin. Hair samples were obtained from the
occipital area of the head, close to the scalp.
The lock of hair was stapled at the base and
stored in identified Ziploc bags. For the present
analysis, the first centimeter of hair scalp was
used.
Determination of Hg concentrations in
blood and hair was performed as described
by Palmer et al. (2006) and Rodrigues et al.
(2008), respectively, using inductively coupled-
plasma mass spectrometry (ICP-MS) (ELAN
DRC II, Perkin Elmer, Norwalk, CT). Results
are expressed in micrdograms per liter and
micrograms per gram.
Quality control of Hg determination was
guaranteed by analyzing standard reference
materials from the U.S. National Institute of
Standards and Technologies (NIST). Moreover,
various secondary reference materials, pro-
vided by the New York State Department
of Health (NYS DOH PT Program for Trace
Elements in Whole Blood and Plasma) and/or
by the National Institute of Public Health
of Quebec, Canada (INSP External Quality
Assessment Scheme [EQAS] for Trace Elements
in Blood, Plasma and Hair), were analyzed.
Reference samples were analyzed before and
after 10 ordinary samples. All results were
within the standard values.
Reduced Glutathione (GSH) Levels
Reduced glutathione (GSH) was deter-
mined in total blood by addition of 5,5′-dithio-
bis(2-nitrobenzoic acid) (DTNB) as described
by Ellman (1959). DTNB, a symmetric aryl
disulfide, reacts with free thiols to form disul-
fide plus 2-nitro-5-thiobenzoic acid. The prod-
uct of this reaction is quantified by absorbance
at 412 nm. Results are expressed as micromoles
per milliliter of total blood.
DNA Isolation and Genotyping
Genomic DNA was extracted from whole
blood using the Easy-DNA Kit (Invitrogen,
Carlsbad, CA, catalog number K1800-0)
according to the manufacturer’s instructions
and stored at –20◦C until analyses.
GSTM1/GSTT1 polymorphisms were geno-
typed using multiplex PCR as described by
Abdel-Rahman et al. (1996). The primers used
(Invitrogen, Carlsbad, CA) for GSTM1 were
5′-GAA CTC CCT GAA AAG CTA AAG C-3′
and 5′-GTT GGG CTC AAA TAT ACG GTG G-
3′, generating a 215-base-pair (bp) fragment.
For GSTT1, the primers used were 5′-TTC CTT
ACT GGT CCT CAC ATC TC-3′ and 5′-TCA
CCG GAT CAT GGC CAG CA-3′, generating a
480-bp fragment. Further, as an internal con-
trol, the CYP1A1 gene (exon 7), which does
not present any type of polymorphisms, was
also used, and the primers used were 5′-GAA
CTG CCA CTT CAG CTG TCT-3′ and 5′-CAG
CTG CAT TTG GAA GTG CTC-3′, generating
a 312-bp fragment. After amplification, PCR
products were subjected to electrophoresis on
a 2% agarose gel (Invitrogen, Carlsbad, CA)
and visualized using ethidium bromide (Sigma-
Aldrich, St. Louis, MO). DNA from samples
positive for the GSTM1 and GSTT1 genotypes
yielded bands of 215 and 480 bp, respectively,
while the internal positive control (CYP1A1)
PCR product corresponded to a 312-bp frag-
ment (Figure 1). Although this technique does
not distinguish between the subjects that were
heterozygous or homozygous for the positive
genotypes, this method conclusively identifies
the null genotypes (GSTM1∗0 and GSTT1∗0).
Statistical Analysis
Descriptive statistics were used to examine
the distribution of relevant sociodemographic
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FIGURE 1. PCR profiles in agarose gel (2% w/v) for GSTM1 and
GSTT1 polymorphisms. 1, Ladder 100 bp; 2, GSTM1/GSTT1∗0;
3, negative control; 4 and 6, GSTM1∗0/GSTT1; 5, GSTM1/
GSTT1.
characteristics and biomarkers of exposure and
effect. Simple linear regressions and nonpara-
metric techniques (Spearman’s rho) were first
used to examine the relations between Hg
biomarkers and sociodemographic variables.
Linear multiple regression analyses were car-
ried out to examine the associations between
GST polymorphisms and B-Hg, H-Hg, and
GSH levels. Age and fish consumption were
used as continuous variables, while gender,
alcohol consumption, and smoking status were
included as categorical variables. Results were
defined as statistically significant for a value of
p ≤ .05. Analyses were performed using PASW
17 Statistics software (IBM; Armonk, NY).
RESULTS
The sociodemographic characteristics and
biochemical measurement of GSH for the
144 participants enrolled in the present study
are described in Table 1. The subjects included
in the present study were then divided into
three groups (B-Hg, H-Hg, and H-Hg/B-Hg
ratio), and the multiple regression analyses are
summarized in Table 2. Figure 2 illustrates
the concentrations of B-Hg and H-Hg among
the four possible combinations of genotypes.
Results demonstrated that individuals who pre-
sented the GSTM1∗0/GSTT1 allele (n = 36)
showed significantly lower B-Hg and H-Hg lev-
els than individuals with both null genotypes
(n = 25); for example, the mean B-Hg level
for the individuals with the GSTM1∗0/GSTT1
genotype was 37.7 μg/L but was 57.3 μg/L
for those who did not present the genotype.
Moreover, GSTM1∗0/GSTT1∗0 individuals pre-
sented higher levels of B-Hg and H-Hg than
those with any other genotype. In general,
TABLE 1. Sociodemographic Characteristics of 144 Riparian Studied Individuals of Amazon Region
n Percentage (%) Mean ± SD Range Median
Individuals 144 100.0 — — —
Genotypesa
GSTM1/GSTT1 51 35.4 — — —
GSTM1/GSTT1∗0 32 22.2 — — —
GSTM1∗0/GSTT1 36 25.0 — — —
GSTM1∗0/GSTT1∗0 25 17.4 — — —
Age (years) 144 — 43 ± 17 15–83 44.0
Gender 144 — —
Men 71 49.3 — — —
Women 73 50.7 — — —
Fish consumptionb (portion/d) — — 2.5 ± 1.2 1–4 2.0
Body (BMI) 144 — 25.0 ± 4.7 16.4–41.6 24.0
Blood-Hg (B-Hg) (μg/L) 144 — 37.7 ± 24.5 4.7–122.0 32.0
Hair-Hg (H-Hg) (μg/g) 144 — 10.4 ± 7.4 1.0–43.3 8.5
Ratio H-Hg/B-Hg 144 — 297.3 ± 113.7 95.7–623.3 274.1
Gluthatione (μmol/ml erythrocytes) 144 — 1.6 ± 0.5 0.5–2.9 1.63
aGSTM1 and GSTT1: wild alleles; GSTM1∗0 and GSTT1∗0: null alleles.
bPortion = 200 g.
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TABLE 2. Beta (β) and Significance (p) Values From a Multiple Linear Regression Analysis for mercury (Hg) in Blood (B-Hg), Hg in Hair
(H-Hg) and the Ratio H-Hg/B-Hg, Using the Genotypes GSTM1 and GSTT1 Polymorphisms, Glutathione (GSH) Concentrations, Fish
Consumption, Gender and Age as Independent Variables
B-Hg (37.7 ± 24.5 μg/L) H-Hg (10.4 ± 7.4 μg/g) H-Hg/B-Hg (297.3 ± 113.7)
β p β p β P
Genotypesa
GSTM1/GSTT1 −0.318 <.001 −0.293 <.001 −0.248 .805
GSTM1/GSTT1∗0 0.123 .151 0.123 .162 −0.003 .976
GSTM1∗0/GSTT1 0.232 .006 0.205 .018 −0.037 .702
GSTM1∗0/GSTT1∗0 0.458 <.001 0.447 <.001 −0.741 .460
GSH (μmol/ml erythrocytes) −0.201 .008 −0.139 .073 −0.045 .964
Fish consumption (portions/d)b 0.181 .017 0.078 .321 −0.162 .064
Gender −0.161 .054 0.072 .381 0.158 .088
Age 0.085 .283 0.152 .062 0.086 .346
Note. The individuals (n = 144) were divided in four groups according to their genotypes. Hg levels in blood and hair are expressed as
mean ± standard deviation.
aGSTM1 and GSTT1: wild genotypes; GSTM1∗0 and GSTT1∗0: null genotypes.
bOne portion is approximately 200 g.
FIGURE 2. Total mercury (Hg) in hair (a) and blood (b) in
four different combinations of the genotypes: GSTM1/GSTT1,
GSTM1/GSTT1∗0, GSTM1∗0/GSTT1, and GSTM1∗0/GSTT1∗0.
GSTM1/GSTT1∗0 individuals also presented
lower levels of Hg in both hair and blood
when compared to the null genotypes, but this
difference did not reach statistical significance.
As expected, fish consumption also present
influence on the levels of the metal, although
interestingly, statistical significance was only
found between fish diet and total Hg levels
in the bloodstream. Moreover, no significant
effects were found with respect to the influence
of polymorphisms on GSH levels and therefore,
no further conclusions were drawn (data not
shown). A negative correlation between GSH
in blood and B-Hg and H-Hg levels was also
found. In general, individuals with high levels
of GSH presented lower concentrations of Hg
in the bloodstream and hair (Figure 3).
DISCUSSION
The results of the present study are in
agreement with earlier findings that show high
levels of Hg exposure in the Amazon region
(Dórea et al. 2005, Pinheiro et al. 2006; 2008;
Passos et al. 2008). It is notable that high
variations in Hg levels were found among par-
ticipants in the present study; for example, in
total blood, Hg levels ranged from 4.7 to 122
μg/L, while in hair the variation was from 1 to
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FIGURE 3. Relationship between total mercury (Hg) in hair (a), total Hg in blood (b), and glutathione levels (GSH).
43.3 μg/g. In an earlier study, Passos et al.
(2008) demonstrated that fish consumption was
related to Hg concentrations in the same popu-
lation. In the present study, fish intake ranged
between one and four portions per day, and
this can also be related to variations in metal
concentrations in the blood stream and hair.
However, fish consumption per se does not
completely explain the wide range of Hg lev-
els observed among the subjects of this study.
As demonstrated in Table 2, fish consump-
tion only exerts influence on the concentra-
tions of the metal in blood, which reflect an
acute exposure. Therefore, the findings pro-
vide evidence that other intrinsic factors, such
as individual genetic variations associated with
MeHg metabolism, may also be related to these
discrepancies.
In the present study, 17% of the pop-
ulation presented both null genotypes and
25% and 22% as GSTM1∗0/GSTT1 and
GSTM1/GSTT1∗0, respectively. Approximately
36% of subjects had both genes with-
out the polymorphic deletion. Rossini et al.
(2002) studied 591 volunteers from Rio de
Janeiro, Brazil, and found frequencies of
42.1 and 25.4% for GSTM1∗0 and GSTT1∗0
polymorphisms, values higher than those
detected in the present study. Some epidemio-
logical studies demonstrated differences among
people from different ethnic groups, for exam-
ple, Africans, Asians, and Afro-Americans (Mo
et al. 2009). The population in this study is
mainly traditional or Cabocla, originating from
the miscegenation of indigenous populations
with European colonizers and to a lesser extent
African slaves during the 18th and the 19th
centuries (Lima 1992; Murrieta 2001), and also
includes migrants mainly from the northeast of
Brazil who came to the region in the 1960s
and 1980s (Carvalho 1982). Therefore, com-
parison with other epidemiological data can be
misleading.
To our knowledge, this is the first study to
evaluate the influence of GSTM1 and GSTT1
polymorphisms on a population chronically
MeHg exposed via consumption of contam-
inated fish. Other studies concerning these
polymorphisms were carried out; however, the
populations of those studies did not reflect
the same exposure situation. For example,
while our group displayed blood Hg values
higher than 100 μg/L (mean = 37.7 μg/L),
Gundacker et al. (2007) noted bloodstream Hg
values ranging between 0.11 and 7.79 μg/L
(mean = 1.73 μg/L), approximately 22-fold
lower than the levels found in the population
of the present study.
As indicated in the Results section, individ-
uals who carry the GSTT1∗0, GSTM1∗0, or the
combination of both genotypes present clearly
higher B-Hg and H-Hg levels than those who
carry the wild genotypes. Our data corrobo-
rate the findings of Lee et al. (2010), who
evaluated 417 North Korean pregnant women
exposed to MeHg via consumption of contam-
inated fish and demonstrated that women with
the GSTM1∗0 and GSTT1∗0 polymorphisms
presented higher Hg concentrations in both
maternal blood and in umbilical cord blood of
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respective newborns. Klautau-Guimarães et al.
(2005) studied an Amazon Amerindian popula-
tion and found the same correlation with indi-
viduals who carry null genotypes of GSTM1 pre-
senting higher B-Hg concentrations than those
who carry the wild genotype. Therefore, data
suggest that genetic factors may be used as an
indicator of effect on Hg metabolism. However,
there is no information concerning the rela-
tionship between health status of the studied
individuals and polymorphic genotypes, and
for this reason, additional conclusions can not
be drawn. Further epidemiological studies are
necessary to have a better elucidation of the
implications of these polymorphisms on the
Amazon communities health conditions.
In studies of Swedish students, Custodio
et al. (2004; 2005) determined the poly-
morphisms of GSTA1, GSTP1, GSTM1, and
GSTT1 associated with Hg metabolism.
Results showed that GSTM1∗0 and GSTT1∗0
polymorphisms exerted no effect on either
inorganic Hg or MeHg levels; however, the
combined effects of GSTT1∗0 and GSTM1∗0
polymorphisms was not examined. In these
studies, the only relationship noted was
between GSTP1 polymorphisms and Hg
metabolism. Engström et al. (2008) also
demonstrated that polymorphisms of GSTP1
are associated with MeHg retention in the
same population. These differences that
were found between these earlier studies
and the present investigation can be partly
explained by the variation in ethnicity, where
the Swedish population is composed almost
exclusively by Caucasian individuals, while
Amazon populations present a high ethnic
variation. Moreover, some studies showed that
homozygous deletion in GSTM1 and GSTT1
increases the sensitization and neurotoxicity
associated with exposure to other mercurial
compounds such as thimerosal (ethylmercury),
which is used as a preservative in vaccines
and ophthalmological preparations (Westphal
et al. 2000). In contrast, Alinovi et al. (2002)
investigated biomarkers related to renal system
damage and dysfunctions in subjects exposed
to low doses of Hg from different sources and
found no marked influence of GSTM1 and
GSTT1 genotypes on urinary Hg excretion in
either control or exposed workers.
In a study carried out in the Amazon
region, Pinheiro et al. (2008) observed a neg-
ative correlation between chronic Hg expo-
sure and biochemical parameters related to
redox status (activity of the antioxidant enzyme
catalase and levels of the tripeptide GSH).
A negative association between B-Hg and H-
Hg levels and total GSH was also noted in
this study. Further, Grotto et al. (2010) demon-
strated a correlation between MeHg levels and
disturbances in redox status, such as inverse
relations among glutathione peroxidase, delta-
aminolevulinic acid dehydratase, catalase, and
GSH, with B-Hg and H-Hg in the same popula-
tion as in the present study.
In conclusion, the present data show that
Hg levels in total blood and hair of Amazon
communities display wide individual variation.
Our findings demonstrated that genetic varia-
tions may be related to Hg metabolism, given
that the combination of GSTM1∗0 and GSTT1∗0
genotypes may explain the extensive differ-
ences in B-Hg and H-Hg levels. Moreover,
individuals who carry only the GSTT1 wild
genotype (GSTM1∗0/GSTT1) also present lower
concentrations of Hg, suggesting that theGSTT1
genes play an important role in Hg metabolism
in this population, since reduced enzyme activ-
ity may reduce Hg excretion via Hg-GSH con-
jugates, raising Hg retention in the body, while
no significant correlation was noted between
GSH levels and GST polymorphisms, suggest-
ing that other intrinsic factors may influence
this phenomenon. Therefore, further studies
concerning other polymorphisms in different
detoxification steps need to be considered
for a better understanding of the mechanisms
involved in metal toxicity and excretion.
REFERENCES
Abdel-Rahman, S. Z., El-Zein, R. A., Anwar,
W. A., and Au, W. W. 1996. A multiplex
PCR procedure for polymorphic analysis of
GSTM1 and GSTT1 genes in population stud-
ies. Cancer Lett. 107: 229–33.
D
ow
nl
oa
de
d 
by
 [U
SP
 U
niv
ers
ity
 of
 Sa
o P
au
lo]
 at
 06
:50
 05
 A
pr
il 2
01
3 
GST POLYMORPHISMS AND METHYLMERCURY METABOLISM 967
Alinovi, R., Buzio, L., Mozzoni, P., De Palma,
G., Carta, P., Flore, C., Colombi, A., Russo,
A., Soleo, L., and Mutti, A. 2002. Renal
effects of low doses of mercury.Med. Lav. 93:
191–201.
Ballatori, N., and Clarkson T. W. 1985. Biliary
secretion of glutathione and of glutathione-
metal complexes. Fundam. Appl. Toxicol. 5:
816–31.
Beyersmann, D., and Hartwig, A. 2008.
Carcinogenic metal compounds: Recent
insight into molecular and cellular mecha-
nisms. Arch. Toxicol. 82: 493–512.
Boujbiha, M. A., Hamden, K., Guermazi, F.,
Bouslama, A., Omezzine, A., Kammoun, A.,
and El Feki, A. 2009. Testicular toxicity in
mercuric chloride treated rats: Association
with oxidative stress. Reprod. Toxicol. 28:
81–89.
Burger, J., Dixon, C., Boring, C. S., and
Gochfeld, M. 2003. Effect of deep-frying
fish on risk from mercury. J. Toxicol. Environ.
Health A 66: 817–28.
Carvalho, J. A. M. 1982. Migrações inter-
nas: Mensuração direta e indireta. Revista
Brasileira de Estatística Rio de Janeiro 43:
549–83 [in Portuguese].
Chan, H. M., and Egeland, G. M. 2004. Fish
consumption, mercury exposure, and heart
diseases. Nutr. Rev. 62: 68–72.
Chuu, J. J., Huang, Z. N., Yu, H. H., Chang, L.
H., and Lin-Shiau, S. Y. 2008. Attenuation
by methyl mercury and mercuric sulfide of
pentobarbital induced hypnotic tolerance in
mice through inhibition of ATPase activi-
ties and nitric oxide production in cerebral
cortex. Arch. Toxicol. 82: 343–53.
Clarkson, T. W. 2002. The three modern faces
of mercury. Environ. Health Perspect. 110:
11–23.
Cordier, C., Garel, M., Mandereau, L., Morcel,
H., Doineau, P., Gosme-Seguret, S., Josse,
D., White, R., and Amiel-Tison, C. 2002.
Neurodevelopmental investigations among
methylmercury-exposed children in French
Guiana. Environ. Res. 89: 1–11.
Counter, S. A., Buchanan, L. H., Ortega, F., and
Laurell, G. 2002. Elevated blood mercury
and neuro-otological observations in chil-
dren of the Ecuadorian gold mines. J. Toxicol.
Environ. Health A 65: 149–63.
Custodio, H. M., Broberg, K., Wennberg,
M., Jansson, J. H., Vessby, B., Hallmans,
G., Stegmayr, B., and Skerfving, S. 2004.
Polymorphisms in glutathione-related genes
affect methylmercury retention. Arch.
Environ. Health. 59: 588–95.
Custodio, H. M., Harari, R., Gerhardsson, L.,
Skerfving, S., and Broberg, K. 2005. Genetic
influences on the retention of inorganic
mercury. Arch. Environ. Occup. Health 60:
17–23.
De Marco, K. C., Braga, G. U. L., and
Barbosa, F., Jr. 2011. Determination of the
effects of eNOS gene polymorphisms (T-
786C and Glu298Asp) on nitric oxide levels
in a methylmercury-exposed population. J.
Toxicol. Environ. Health A 74: 1323–33.
Dewailly, E., Blanchet, C., Gingras, S., Lemieux,
S., and Holub, B. J. 2002. Cardiovascular dis-
ease risk factors and n-3 fatty acid status in
the adult population of James Bay Cree. Am.
J. Clin. Nutr. 76: 85–92.
Dewailly, E., Blanchet, C., Gingras, S., Lemieux,
S., Sauvé, L., Bergeron, J., and Holub B. J.
2001. Relations between n-3 fatty acid sta-
tus and cardiovascular disease risk factors
among Quebecers. Am. J. Clin. Nutr. 74:
603–11.
Dolbec, J., Mergler, D., Passos, C. J. S., Morais,
S. S., and Lebel, J. 2000. Methylmercury
exposure affects motor performance of a
riverine population of the Tapajós River,
Brazilian Amazon. Int. Arch. Occup. Environ.
Health 73: 195–203.
Dórea, J. G., Souza, J. R., Rodrigues, P., Ferrai,
I., and Barbosa, A. C. 2005. Hair mer-
cury (signature of fish consumption) and
cardiovascular risk in Mundurucu and Kayabi
Indians of Amazonia. Environ. Res. 97:
209–19.
Echeverria, D., Woods, J. S., Heyer, N. J.,
Martin, M. D., D. S., Farin, F. M., and Li,
T. 2010. The association between serotonin
transporter gene promotor polymorphism (5-
HTTLPR) and elemental mercury exposure
D
ow
nl
oa
de
d 
by
 [U
SP
 U
niv
ers
ity
 of
 Sa
o P
au
lo]
 at
 06
:50
 05
 A
pr
il 2
01
3 
968 G. R. M. BARCELOS ET AL.
on mood and behavior in humans. J. Toxicol.
Environ. Health A 73: 1003–20.
Ellman, G. L. 1959. Tissue sulphydryl groups.
Arch. Biochem. Biophys. 82: 70–77.
Engström, K. S., Strömberg, U., Lundh, T.,
Johansson, I., Vessby, B., Hallmans, G.,
Skerfving, S., and Broberg, K. 2008. Genetic
variation in glutathione-related genes and
body burden of methylmercury. Environ.
Health Perspect. 116: 734–39.
Fillion, M., Mergler, D., Passos, C. J. S., Larribe,
F., Lemire, M., and Guimarães, J. R. D. 2006.
A preliminary study of mercury exposure
and blood pressure in the Brazilian Amazon.
Environ. Health 5: 29.
Ginsberg, G., Smolenski, S., Hattis, D., Guyton,
K. Z., Johns, D. O., and Sonawane, B.
2009. Genetic polymorphism in glutathione
transferases (GST): Population distribution of
GSTM1, T1, and P1 conjugating activity. J.
Toxicol Environ. Health B 12: 389–439.
Gonçalves, A., and Gonçalves, N. N. S. 2004.
Human exposure to mercury in the Brazilian
Amazon: A historical perspective. Pan Am. J.
Public Health 16: 415–19.
Goyer, R. A., and Clarkson, T. W. 2001.
Toxic effects of metals. In Casarett & Doull’s
toxicology: The basic science of poisons, ed.
C. D. Klaassen, 811–67. New York, NY:
McGraw-Hill.
Grandjean, P., White, R. F., Nielsen, A., Cleary,
D., and Santos, E. C. O. 1999. Methyl mer-
cury neurotoxicity n Amazon children down-
stream from gold mining. Environ. Health
Perspect. 107: 587–91.
Grotto, D., Valentini, J., Fillion, M., Passos, C. J.,
Garcia, S. C., Mergler, D., and Barbosa, F., Jr.
2010. Mercury exposure and oxidative stress
in communities of the Brazilian Amazon. Sci.
Total Environ. 408: 806–11.
Grotto, D., Valentini, J., Serpeloni, J. M.,
Monteiro, P. A., Latorraca, E. F., de Oliveira,
R. S., Antunes, L. M., Garcia, S. C., and
Barbosa, F., Jr. 2011. Evaluation of toxic
effects of a diet containing fish contaminated
with methylmercury in rats mimicking the
exposure in the Amazon riverside popula-
tion. Environ Res. 111: 1074–1082.
Gundacker, C., Komarnicki, G., Jagiello, P.,
Gencikova, A., Dahmen, N., Wittmann, K.
J., and Gencik, M. 2007. Glutathione-S-
transferase polymorphism, metallothionein
expression, and mercury levels among stu-
dents in Austria. Sci. Total Environ. 385:
37–47.
Gundacker, C., Wittmann, K. J., Kukuckova,
M., Hikkel, I. and Gencik. 2009. Genetic
background for mercury metabolism. Toxicol.
Lett. 189: S89–90.
Gundacker, C., Gencik, M., and
Hengstschläger, M. 2010. The relevance
of the individual genetic background
for the toxicokinetics of two significant
neurodevelopmental toxicants: Mercury and
lead. Mutat. Res.705: 130–40.
Heyer, N. J., Echeverria, D., Martin, M. D.,
Farin, F. M., and Woods, J. S. 2009. Catechol
o-methyltransferase (COMT) VAL158MET
functional polymorphism, dental mercury
exposure, and self-reported symptoms and
mood. J. Toxicol. Environ. Health A 72:
599–609.
International Agency for Research on Cancer.
1993. Mercury and mercury compounds.
IARC Monogr. Eval. Carcinogen. Risks Hum.
58: 239–348.
Johnnson, C., Schutz, A., and Sallsten, G. 2005.
Impact of consumptuion of freshwater fish
on mercury levels in hair, blood urine and
alveolar air. J. Toxicol. Environ. Health A 68:
129–40.
Klautau-Guimarães, M. N., Hiragi, C. O.,
D’Ascenção, R. F., Oliveira, S. F., Grisolia,
C. K., Hatagima, A. H., and Ferrari, I. 2005.
Distribution of glutathione S-transferase
GSTM1 and GSTT1 null phenotypes in
Brazilian Amerindians. Genet. Mol. Biol. 28:
32–35.
Lebel, J., Mergler, D., Lucotte, M., Amorim,
M., Dolbec, J., Miranda, D., Arante’s, G.,
Rheault, I., and Pichet, P. 1996. Evidence
of early nervous system dysfunction in
Amazon populations exposed to low levels of
methylmercury. Neurotoxicology 7: 157–67.
Lebel, J., Roulet, M., Mergler, D., Lucotte, M.,
and Larribe, F. 1997. Fish diet and mercury
D
ow
nl
oa
de
d 
by
 [U
SP
 U
niv
ers
ity
 of
 Sa
o P
au
lo]
 at
 06
:50
 05
 A
pr
il 2
01
3 
GST POLYMORPHISMS AND METHYLMERCURY METABOLISM 969
exposure in a riparian Amazonian popula-
tion. Water Air Soil Pollut. 97: 31–44.
Lee, B. E., Hong, Y. C., Park, H., Ha, M.,
Koo, B. S., Chang, N., Roh, Y. M., Kim,
B. N., Kim, Y. J., Kim, B. M., Jo, S. J.,
and Ha, E. H. 2010. Interaction between
GSTM1/GSTT1 polymorphism and blood
mercury on birth weight. Environ. Health
Perspect. 118: 437–43.
Lima, D. M. 1992. The social category cabo-
clo: History, social organization, identity and
outsider’s social classification of the rural pop-
ulation of an Amazonian region. Doctoral
Thesis, Cambridge, King’s College.
Millen, B. E., and Quatromoni, P. A. 2001.
Nutritional research within the Framingham
Heart Study. J. Nutr. Health Aging 5:
139–143.
Mo, Z., Gao, Y., Cao, Y., Gao, F., and Jian,
L. 2009. An updating meta-analysis of the
GSTM1, GSTT1, and GSTP1 polymorphisms
and prostate cancer: A HuGE review.
Prostate 69: 662–88.
Mori, N., Yasutake, A., and Hirayama, K. 2007.
Comparative study of activities in reactive
oxygen species production/defense system
in mitochondria of rat brain and liver, and
their susceptibility to methylmercury toxicity.
Arch. Toxicol. 81: 769–76.
Moszczynski, P., Rutowski, J., Slowinski, S.,
and Bem, S. 1998. Immunological effects of
occupational exposure to metallic mercury
in the population of T-cells and NK-cells.
Analyst 123: 99–103.
Murrieta, R. S. S., 2001. Dialética do sabor:
Alimentação, ecologia e vida cotidiana em
comunidades ribeirinhas da Ilha do Ituqui,
Baixo Amazonas, Pará. Rev. Antropol. 44:
39–88 [in Portuguese].
Palmer, C. D., Lewis, M. E., Jr., Geraghty,
C. M., Barbosa, F., Jr., and Parsons, P. J.
2006. Determination of lead, cadmium and
mercury in blood for assessment of envi-
ronmental exposure: A comparison between
inductively coupled plasma–mass spectrom-
etry and atomic absorption spectrometry.
Spectrochim. Acta 61: 980–90.
Passos, C. J., Mergler, D., Gaspar, E., Morais,
S., Lucotte, M., Larribe, F., Davidson, R., and
de Grosbois, S. 2003. Eating tropical fruit
reduces mercury exposure from fish con-
sumption in the Brazilian Amazon. Environ.
Res. 93: 123–30.
Passos, C. J. S., Sampaio, D. S., Lemire, M.,
Fillion, M., Guimarães, J. R. D., Lucotte, M.,
and Mergler, D. 2008. Daily mercury intake
in fish-eating populations in the Brazilian
Amazon. J. Expos. Sci. Environ. Epidemiol. 18:
76–87.
Pinheiro, M. C. N., Nakanishi, J., Oikawa, T.,
Guimarães, G., Quaresma, M., Cardoso, B.,
Amoras, W. W., Harada, M., Magno, C.,
Vieira, J. L., Xavier, M. B., and Bacelar, D.
R. 2000. Methylmercury human exposure
in riverine villages of Tapajós basin, Pará
State, Brazil. Rev. Soc. Bras. Med. Trop. 33:
265–69.
Pinheiro M. C. N., Oikawa, T., Vieira, J. L. F.,
Gomes, M. S. V., Guimarães, G. A., Crespo-
López, M. E., Müller, R. C. S., Amoras,
W. W., Ribeiro, D. G. R., Rodrigues, A.
R., Côrtes, M. I. T., and Silveira, L. C. L.
2006. Comparative study of human exposure
to mercury in riverside communities in the
Amazon region. Braz. J. Med. Biol. Res. 39:
411–14.
Pinheiro, M. C. N., Macchi, B. M., Vieira, T.,
Oikawa, W. W., Amoras, G. A., Guimarães,
C. A., Costa, C. A., Crespo-López, M. E.,
Herculano, A. M., Silveira, L. C. L., and
Nascimento, J. L. M. 2008. Mercury expo-
sure and antioxidant defenses in women: A
comparative study in the Amazon. Environ.
Res.107: 53–59.
Rodrigues, J. L., Batista, B. L., Nunes, J. A.,
Passos, C. J., and Barbosa, F., Jr. 2008.
Evaluation of the use of human hair for
biomonitoring the deficiency of essential and
exposure to toxic elements. Sci. Total Environ.
405: 370–76.
Rossini, A., Rapozo, D. C., Amorim, L. M.,
Macedo, J. M., Medina, R., Neto, J. F., Gallo
C. V., and Pinto L. F. 2002. Frequencies of
GSTM1, GSTT1, and GSTP1 polymorphisms
in a Brazilian population. Genet. Mol. Res.
30: 233–40.
Rutowski, J., Moszczynski, P., Bem, S.,
and Szewczyk, A. 1998. Usefulness of
D
ow
nl
oa
de
d 
by
 [U
SP
 U
niv
ers
ity
 of
 Sa
o P
au
lo]
 at
 06
:50
 05
 A
pr
il 2
01
3 
970 G. R. M. BARCELOS ET AL.
determining urinary markers of early renal
damage for monitoring nephrotoxicity during
occupational exposure to mercury vapors.
Med. Pract. 49: 129–35.
Stern, A. H. 2005. A review of the stud-
ies of the cardiovascular health effects of
methylmercury with consideration of their
suitability for risk assessment. Environ. Res.
98: 133–42.
Virtanen, J. K., Rissanen, T. H., Voutilainen, S.,
and Tuomainen, T. P. 2007. Mercury as a
risk factor for cardiovascular diseases. J. Nutr.
Biochem. 18: 75–85.
Westphal, G. A., Schnuch, A., Schulz, T. G.,
Reich, K., Aberer, W., Brasch, J., Koch, P.,
Wessbecher, R., Szliska, C., Bauer, A., and
Hallier, E. 2000. Homozygous gene dele-
tions of the glutathione S-transferases M1 and
T1 are associated with thimerosal sensitiza-
tion. Int. Arch. Occup. Environ. Health 73:
384–88.
Whelton, S. P., He, J., Whelton, P. K., and
Muntner, P. 2004. Meta-analysis of obser-
vational studies on fish intake and coro-
nary heart disease. Am. J. Cardiol. 93:
1119–23.
D
ow
nl
oa
de
d 
by
 [U
SP
 U
niv
ers
ity
 of
 Sa
o P
au
lo]
 at
 06
:50
 05
 A
pr
il 2
01
3 
